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Abstract

We investigated the influence of the protruding domain of Norwalk virus-like particles (NVLP) on
its overall structural and mechanical stability. Deletion of the protruding domain yields smooth
mutant particles and our AFM nanoindentation measurements show a surprisingly altered
indentation response of these particles. Notably, the brittle behavior of the NVLP as compared to
the plastic behavior of the mutant reveals that the protruding domain drastically changes the
capsid’s material properties. We conclude that the protruding domain introduces prestress, thereby
increasing the stiffness of the NVLP and effectively stabilizing the viral nanoparticles. Our results
exemplify the variety of methods that nature has explored to improve the mechanical properties of
viral capsids, which in turn provides new insights for developing rationally designed, self-
assembled nanodevices.
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Viruses are increasingly being used as functional nanoparticles in medicine and
nanotechnology. Applications include the use of viruses as nanoreactors for material
synthesis,! as building blocks in self-assembly and patterning approaches,?-3 as nano-
containers for drug delivery, and as platforms for imaging and tumor targeting.# However,
acquiring a thorough knowledge of their physical properties is still in development, and in
order to fully exploit the vast potential that viral nanoparticles offer it is essential to
elucidate these properties.® Recently developed atomic force microscopy (AFM)
nanoindentation experiments are starting to shed light on the material properties of single
viral particles, including their Young’s modulus, breaking force, and resistance to material
fatigue.5.” These characteristics differ significantly between viruses. For instance, their
elastic properties range from being as flexible as rubber to as hard as plexiglass. Until now,
only viruses with a relatively smooth outer surface have been probed, which generally
follow the predictions of thin shell elastic continuum theory.” However, it is unclear how a
heterogeneous surface morphology of the viral particles affects their overall material
properties. To study these effects, we have looked at the mechanical properties of the human
pathogenic Norwalk virus, which exhibits uneven surface features with distinct hollows and
protrusions. Knowledge on its mechanical properties will help us better understand general
design principles of icosahedral viruses and will shed light on the binding mechanism of the
virus to its host cells. The former will support the rational design of self-assembled
nanoparticles whereas the latter will help in developing drugs targeted at disabling or
blocking the receptor binding step of the infection cycle.

Norwalk virus is a nonenveloped, icosahedral virus. Its 7654-nucleotide single-stranded
RNA genome encodes for various proteins including the major capsid protein VVP1 and the
minor protein VVP2.89 Expressing the capsid proteins in insect cells with a recombinant
baculovirus yields self-assembled Norwalk virus-like particles (NVLP) with similar
morphology and antigenicity as the native Norwalk virus.19-12 \/P1 folds into two distinct
domains of the capsid: the S (shell) domain forms the smooth icosahedral shell while the P
(protruding) domain forms protrusions that radially project outward from the shell, creating
cup-like depressions at the 3- and 5-fold symmetry axes. The NVLPs are composed of 180
copies of VP1 with a diameter of 38 nm, exhibiting T = 3 icosahedral symmetry.13 VP2 is
present in very small amounts: probably only a few molecules per capsid. Although it is
suspected to be internal in the capsid layer, its precise location is still uncertain and it is not
seen as part of the capsid in the X-ray crystallographic structure.1314 The structural
requirements for assembly of the Norwalk virus capsid were investigated by mutational
analyses on VVP1. Complete deletion of the protruding domain leads to the assembly of
mutated particles (CT303) which have smooth T = 3 icosahedral shells with a diameter of
~27 nm.12 The structure of the CT303 particles resembles the NVLP without protrusion (see
Supporting Information Figure S1) indicating that the shell domain alone contains the
determinants required for assembly of the icosahedral capsid. Yet, the icosahedral shell in
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the CT303 particles is slightly smaller than the contiguous shell made by the shell domain in
the native NVLPs. The protruding domain, which contributes to the overall diameter of the
particles, is implicated in mediating host cell attachment. However, the effects of the P
domain on particle stability have remained unclear.

We investigated the role of the P domain on the structural stability of the capsid by
comparing the mechanical properties of the particles formed from the wild type protein and
the CT303 truncation mutants. This was done by nanoindentation experiments using AFM.’
Our results suggest that the protruding domain forces the Norwalk virus shell in a state of
prestress. Prestress is a common feature in biological structures which can govern the
mechanical structure including their stability and integrity. For instance, cells and in vitro
actin networks that are under prestress exhibit an increased stiffness.1%16 Furthermore,
modeling of spherelike viruses shows that prestress is an important component in the
structure of self-assembled icosahedral protein shells.1”-18 In addition, it was recently
observed that elongated bacteriophages are under an anisotropic prestress.19 The current
study indicates that the icosahedral NVLPs are under an isotropic prestress, increasing the
radius of the shell domain and resulting in an overall strengthening of the viral particle.

The integrity of NVLP and CT303 particles was first characterized by native mass
spectrometry, blue native polyacrylamide gel electrophoresis (BN-PAGE), and AFM
imaging (see Supporting Information for Materials and Methods).2%-22 Figure 1 shows
native mass spectra of Hepatitis B virus (HBV),23 CT303, and NVLP.24 Because the charge
state of HBV is well characterized we use its spectra to support our mass estimations of
NVLP and CT303. The mass of the Norwalk VP1 (MW = 56077 Da) and CT303 monomer
proteins (MW = 24286 Da) was established using this mass spectrometry data. In addition,
we estimate that the molecular mass of the intact NVLP and CT303 capsids is 10.1 and 4.4
MDa, respectively, assuming 180 capsid protein subunits. Consistent with this data, analysis
of HBV, CT303, and NVLP by native gel electrophoresis revealed that the intact NVLP
particles migrated less far than the intact CT303 particles. The CT303 particles moved
slightly further than expected when compared to the similarly sized HBV T = 4 capsids (4
MDa),23 which is probably related to its very smooth outer surface. Furthermore, it was
shown that the CT303 particles were only stable under a very narrow pH range (5-7) and
not above pH 7, whereas in the NVLP sample, there were still particles present at higher pH
(8-9).24 VP2 was neither detected by mass spectrometry nor in SDS-PAGE gels.24
Therefore it remains unclear what its stoichiometry and function in capsid assembly is. Next,
the immobilized particles were imaged in buffer solution using AFM.22 Figure 2 shows
AFM images of NVLP and CT303 particles together with their respective height profiles.
The height distribution in Supporting Information Figure S2 shows that the NVLPs have an
average diameter of 38.3 £ 0.1 nm, comparable to the size of the particle in the atomic
model.13 The size distribution of the CT303 particles shows a uniform distribution with an
average diameter of 27.9 £ 0.2 nm. This value is comparable to the size determined from
cryoelectron microscopic reconstructions. 2

After imaging, nanoindentation experiments were performed.’ Five successive indentation
and retraction curves were recorded for each particle and Figure 3 shows typical force
indentation curves for NVLP and CT303 particles. The spring—constant is determined from
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the linear part of the slope during the first indentation. Its distribution is depicted in
Supporting Information Figure S3, showing that NVLPs have a much higher spring constant
than the CT303 particles: 0.30 £ 0.01 N/m versus 0.111 + 0.004 N/m (84 NVLP and 92
CT303 particles were tested). The distribution of spring constants for the NVLPs is broader,
likely reflecting the heterogeneity of its surface as compared to the smooth CT303 particles.
Linear elasticity theory describes the 3D Young’s modulus E for a thin shell by E = aRk/t?,
where k is the spring constant, R is the radius, and t is the thickness of the shell.2> For the
proportionality factor a, a value of 1 can be assumed.8:26:27 Whereas technically speaking
the CT303 particles cannot be called thin shelled particles (t << R), it has previously been
shown that this equation still holds for viral particles with thick shells.2327:28 Therefore, we
apply this theory to get an estimate of E for the homogeneous CT303 particles. These
particles are modeled as shells with a thickness of 2.7 nm and effective radius of 12.2 nm,
(taken from the middle between the inner and outer radii). Inserting these numbers into the
thin shell equation gives us an estimated 3D Young’s modulus of ~0.2 GPa for the CT303
particles, which is comparable to HBV and CCMV,’ two viruses that self-assemble around
their genome as Norwalk virus does.

Both sets of indentation curves in Figure 3 show an almost vertical rise of the force on the
right end of the plots, indicating that the AFM tip has reached a point where the particle
cannot be squeezed any further. The CT303 particle has a diameter of about 28 nm thus, the
vertical rise of the force at around 24 nm indicates an incompressible protein layer of ~4 nm
(Figure 3b). Since the wall thickness of the particle is ~2.7 nm, this indicates that the
incompressible layer refers to the two opposite surfaces of the particle being squeezed
together and partially deformed. On the contrary, the measured incompressible layer in
Figure 3a of about 5 nm leads to the conclusion that it is most likely not a double but only a
single surface layer of the NVLP particle (which has a wall thickness of ~7.5 nm), indicating
that the top surface has been torn or broken apart. Cuellar et al.2? studied the material
properties of NVLPs as a function of pH, showing an increase in compliance at alkaline
conditions. Whereas this study is valuable to compare the influence of pH on the relative
mechanical stability of NVLPs, it seems difficult to compare the absolute values with our
results. In their study the particles are heavily deformed during imaging (up to ~20%
decrease in height).2° This could lead to premature damage, before the start of the
nanoindentation experiments, explaining the higher spring constant we find.

Figure 3a also shows that NVVLPs typically buckle and break during the first indentation as
demonstrated by a sharp drop in the measured force after reaching a critical point. The
succeeding indentation curves (second—fifth) show no deformation for the first ~18 nm,
indicating that structural failure already occurred during the first indentation. This is a
common behavior also observed for other icosahedral capsid particles like CCMV,27 Phage
21,3031 and HSV-1.32 Breakage of NVLPs occurs around a relative deformation of ~22% of
the radius, which is comparable to other studied capsids.” The critical force at which
nonlinear deformation occurs during nanoindentation of the NVLPs is 1.1 + 0.1 nN, whereas
for the CT303 particle, it is 0.53 = 0.03 nN. The indentation at the critical force is similar for
both particles at 4.1 + 0.4 nm and 4.9 = 0.3 nm, respectively. In contrast to the NVLP, the
CT303 particle does not exhibit buckling behavior but instead shows a nonlinear continuous

Nano Lett. Author manuscript; available in PMC 2014 June 16.



1duosnue Joyiny vd-HIN 1duosnue Joyiny vd-HIN

1duosnuely Joyiny vd-HIN

Baclayon et al.

Page 5

deformation. The particle bounces back to a spherelike shape after being fully compressed,
as can be seen in Figure 3b by observing the second approach curve which rises at the same
position as the first. However, the slope of the second curve is significantly lower, indicating
that despite the full recovery of the particle’s height it did suffer material damage, affecting
its spring constant. The successive force—indentation curves show that the particle’s height
did decrease after several indentations, as the curves start to rise later. Furthermore, the
change in the slope of the linear part of the third to fifth approach curves also shows that the
decrease in spring constant continued. Comparing the indentation behavior of all CT303
particles indicates that they directly show a decrease in spring constant after the first
indentation, while at the same time only ~75% of the particles show a decrease in height.
The other 25% show a decrease in height only after the second indentation. The decrease in
diameter and elasticity after several indentations implies that although the particles do not
clearly break, they do undergo plastic deformation, as previously observed for HBV.23:28:33
However, HBV deforms plastically above an indentation of ~60% of its radius, whereas the
CT303 particles already start to deform nonlinearly above ~36%. Furthermore, the nonlinear
deformation of the CT303 particle occurs above an indenting force of ~0.5 nN, while for the
HBV T =3 and T = 4 particles this is ~1.0 nN.23 Moreover, the CT303 particles have a 30%
lower height after five indentations. HBV capsids decrease only 10% in height under similar
conditions.33 These observations indicate that the CT303 particles are quite prone to plastic
deformation in comparison to the HBV capsids.

To further investigate the observed plastic deformation and structural failure of the Norwalk
viral shells we use an analysis involving the Féppl-von-Karman number (FVK) 7.28:34 This
dimensionless number emerges from linear continuum elasticity theory and is defined by

_YR?

K

M)

v

that is, the ratio of the two-dimensional stretching elasticity Y and bending stiffness x of
homogeneous, isotropic shells of radius R. Even though the underlying FvK theory assumes
completely reversible behavior, it has been shown that there is a remarkable similarity
between simulated indentation curves using finite element methods and experimental curves
that show plastic deformation or failure. Both the experimental and the simulated curves
depend on the icosahedral orientation along which the particle is deformed.?8:35 However,
the global characteristics of the curves are similar for indentation along the 2-, 3- and 5-fold
axis. For small y (<~100), the simulated indentation curves28:34 show linear deformation.
For intermediate y (~100-1000), a nonlinear but continuous indentation behavior is
observed. Finally, for large y (>~1000), buckling events are predicted. Comparing the
indentation curves of the NVLP and CT303 particles to simulated curves indicates that the
CT303 particle is expected to have a y of roughly 200 and the NVLP a y of >1000. Using an
approximation of the FvK number y= 12(1 — 12)*(R/t)? (ref 28) with Poisson’s ratio vand
assuming that both particles are made up of material with the same mechanical properties,
this implies that the NVLP should be a particle with a thinner shell than the mutant particle.
As can be seen in Supporting Information Figure S1 this is the opposite of what is known
about these particles, that is, the NVLP has a thicker shell than the CT303. Hence, the
addition of the protruding domain affects the material properties of the whole particle in an
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unexpected way and thus the overall material properties of the shells of NVLP and CT303
are not the same. The measured spring constant of the NVLP is roughly 3 times larger than
the spring constant of the CT303 mutant. Linear response theory predicts that this spring
constant is proportional to (xY)2/R.34 Taking into account the difference in shell thickness,
this yields that the product of the bending modulus xand the 2D Young’s modulus Y should
increase with a factor of roughly 10 when the protruding domain is present. Assuming that
only Y is changed by the presence of the protruding domain, it indicates that the NVLP
would have an FvK number of roughly 2000, which fits the shape of the corresponding
experimental and simulated force—indentation curves. However, this raises the question
why Y changed this much. In order to dissect the origin of this unexpected behavior, we
examine the molecular details of the Norwalk virus capsids.

X-ray crystallography has shown that the dimeric contacts between protruding domains form
distinct archlike structures that surround the hollows at the 5- and quasi 6-fold axis of the T
= 3 capsid.13 The C-terminal residues of the P domain are coupled via hydrogen bond
interactions to the S domain residues. These bonds, observed in the crystal structure of the
NVLP, seem to control the size of the viral particle as removing these bonds induces a
change in size.12 For instance, it was shown that the shell of the CT303 particles has a
smaller radius than the shell domain of the NVLP particles. This surprising finding shows
that the equilibrium shape of the shell without the protruding domain is different from its
shape when the protruding domain is present. Apparently the bridgelike arches lock the
whole shell in a specific shape, which is not the ground state of the shell domain. Therefore
the shell domain in the NVLP is being pulled in an outward direction by the protruding
domain (Figure 4). Conversely, the shell domain pulls the protruding domain in an inward
direction, as the shell domain would prefer its smaller ground state. This tightens the bonds
between the protruding domains of the capsid proteins, like wedges being pressed together.
It yields a whole shell under continuous prestress and the ensuing balance of forces (Figure
4) seems to result in the observed drastically increased rigidity of the NVLP as compared to
the CT303 mutant. This prestress puts the whole particle under tension making it more
difficult to pull apart and therefore effectively increases its 2D Young’s modulus Y.

In summary, the heterogeneous, rough protrusions in Norwalk virus capsids have various
functions. They are essential for successful interfacing of the viral nanoparticles with their
host cells as they contain the appropriate binding sites, making them indispensable for
infection.3% In this study, we demonstrate that they also have a stabilizing role. We conclude
that the protruding domain acts through the generation of prestress in the capsid shell,
thereby increasing the particle’s rigidity. The CT303 particles are stable at neutral pH,
however, unlike the NVLPs, they completely fall apart by a slight increase in pH. This pH
sensitivity would have disastrous effects for the wild-type Norwalk virus particles as the
small intestine, in which cells it reproduces, is alkaline. The CT303 particle is characterized
by tight and close packing of f-barrels and our results indicate that such a packing leads to a
flexible and ductile material. Nanoindentation experiments on viruses with a comparable
packing of fsheets, like for instance, southern bean mosaic virus, will allow for testing of
this hypothesis. The presented results on the mechanics of NVLP and CT303 particles seem
to indicate that the protruding domain stabilizes the viral particles in an unexpected way by
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prestress. These novel insights provide handles for improving the material properties of
engineered functional nanoparticles by introducing a uniform prestress, effectively
strengthening these particles.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1.

Representative native nanoelectrospray mass spectra for (a) HBV (0.04 uM capsid
concentration) in 200 mM ammonium acetate buffer (pH 6.8), serving as comparison for the
other spectra, (b) CT303 (0.1 uM capsid concentration) in 250 mM ammonium acetate
buffer (pH 7), and (c) NVLPs (0.2 uM capsid concentration) in 250 mM ammonium acetate
buffer (pH 7). (d) Native gel: for each capsid, 25 pg was loaded onto a 4% (w/v) gel where
they were analyzed by BN-PAGE to further confirm their integrity. The bands at the bottom

of the gel represent monomers/dimers.
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Figure2.
AFM images and height profiles of (a) NVLP and (b) CT303 particles before

nanoindentation. The height profiles in (c) are used to estimate the diameter of the particles,
yielding 39 and 29 nm for the NVLP and CT303 mutant particles, respectively, in this
example.
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Figure 3.
Typical force—indentation curves of (a) NVLP and (b) CT303 particles for five successive

nanoindentations. Initially, the force sensed by the AFM tip is zero until it touches the
particle’s top surface (indicated by 0 nm in the indentation axis). As the tip pushes further
onto the particle, the force gradually rises in a linear fashion from which the particle’s spring
constant can be derived. The structural strengths of the particles were tested by indenting
further beyond the linear regime leading to nonlinear deformation including plasticity,
buckling, or breakage.
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CT303 NVLP

Figure 4.
Balance of forces: Mechanical model of the CT303 mutant and NVLP. The red arrows in the

NVLP model indicate the prestress acting on the shell domains (S) due to the presence of the
protruding domains (P). The dark green arrows indicate the inward force of the shell domain
acting on the protruding domain, thereby creating prestress in the latter. The gray dashed
lines show the difference in size between the CT303 particles and the shell domain of the
NVLP.
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